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a b s t r a c t 
A novel dual source vapor injection heat pump (DSVIHP) using exhaust and ambient air is proposed. The air 
exhausted from the building first releases energy to the medium-pressure evaporator and is then mixed with the 
ambient air to heat the low-pressure evaporator. A vapor injection (VI) compressor of two inlets is connected 
with the low and medium pressure evaporators. It’s first time that a VI compressor is employed to recover the 
ventilation heat. The system can minimize the ventilation heat loss and provide a unique defrosting approach by 
using the exhaust waste heat. Fundamentals of the proposed DSVIHP are illustrated. Mathematical models are 
built. Both energetic and exergetic analyses are carried out under variable conditions. The results indicate that 
the DSVIHP has superior thermodynamic performance. The superiority is more appreciable at a lower ambient 
temperature. It has a higher COP than the conventional vapor injection heat pump and air source heat pump by 
11.3% and 23.2% respectively at an ambient temperature of -10 °C and condensation temperature of 45 °C. The 
waste heat recovery ratio from the exhaust air is more than 100%. The novel DSVIHP has great potential in the 
















































Demand for a reduction of fossil fuel consumption and carbon emis-
ion in relation to building heating is urgent and mandatory. New target
as been set in the UK to bring all greenhouse gas emissions to net zero
y 2050, updated from the previous target of at least 80% reduction
rom 1990 levels [1] . At present, approximately 85% of UK households
nd 65% of non-domestic buildings depend on gas boiler systems [2] .
ow carbon heating systems including heat pump, biomass, solar and
ombined micro heat and power units are still subordinate, reaching
nly 2% of the overall heating market. A fundamental shift away from
he use of natural gas is required to meet the new target. 
Heat pump systems represent an increasing market share in the
uilding heating and cooling segment owing to attractive payback pe-
iod [3] , good integrability into facades [4] , high efficiency [5] , large
enewable energy contribution when combined with solar panels [ 6 , 7 ]
nd potential in various applications [8] . A market share of 100% of the
ystems could be achieved for new houses in many countries where the
eat pump technology is well-established and domestic hot water sup-
ly by solar is mandatory [9] . About 90% of heat pump systems use air
s heat source in the UK [10] . One serious problem of an air source heat∗ Corresponding author. 
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oil surface, which leads to increased fan power [11] , deteriorate heat
ransfer [12] and reduced heating capacity [13] . The efficiency is low
ince a large amount of electricity is consumed for periodic defrosting. 
Aside from employment of ASHP, waste heat recovery is an efficient
pproach to energy saving in buildings. A substantial proportion of the
uilding energy loss is through ventilation, typically more than 30% for
 social home [14] . The ratio is even higher for public and commercial
uildings such as hospitals, schools, restaurants and supermarkets. In ac-
ive heat recovery, exhaust air heat pumps (EAHP) are commonly used
o extract heat from discharge air, with the heat being pumped into the
resh supply air, or supplied to a heating element within the interior of
he building [15] . A number of studies on the control strategy[16], com-
ination with solar and ground energy [ 17 , 18 ], effect on district energy
se [19] , annual performance [20] and thermo-economic performance
21] have been carried out. Compared with other types of exhaust heat
ecovery methods such as thermal wheel, an EAHP eliminates cross con-
amination between fresh and exhaust air, and is able to achieve a high
ecovery efficiency of more than 100% without reheating the fresh air
22] . The EAHPs have been commercialized. Nevertheless, a challenge
f EAHP is the limited heating capacity, resulting in a high capital cost18 November 2020 
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(  er kW and long payback time. About 15000 brand new social homes
ere equipped with EAHPs in the UK between 2009 and 2013, most
wners and housing association tenants had reported increased electric-
ty bills [23] . The recovery of the waste heat of exhaust air is inadequate
o meet the entire building energy demand because there are heat losses
hrough windows, walls and roofs in addition to ventilation heat loss.
uxiliary heating devices e.g. electric or gas heater are required to pro-
ide domestic hot water, compensate for other heat losses and cover
eak loads [16] . 
In order to make use of exhaust air from the building and reduce
he dependence on auxiliary heating devices, a novel dual source va-
or injection heat pump (DSVIHP) is proposed in this paper. It takes
dvantages of large heating capacity of conventional ASHP and high ef-
ciency of EAHP. The exhaust air is first used to heat a medium-pressure
vaporator and with a reduced temperature it is further mixed with the
mbient air for the heating of a low-pressure evaporator. The low and
edium pressure evaporators are connected to the two inlets of a vapor
njection (VI) compressor. This novel DSVIHP has the potential to pro-
uce heat efficiently for domestic hot water supply and space heating
ith a large capacity. 
Heat pumps using both exhaust and ambient air as the heat source
ave been reported in the literature [ 24 , 25 ], in which a conventional
ompressor of one inlet and one outlet is adopted and the two types
f air are mixed directly. The mixture has a higher temperature than
he ambient and therefore the frost time can be prolonged in winter
peration. However, the direct mixing process results in a significant
hermodynamic irreversibility as there is generally a temperature dif-
erence of about 20 °C between the exhaust and ambient air. A more
hermodynamically efficient combination of the two types of air has yet
o be proposed. 
To the best of the authors’ knowledge, it is first time that a VI com-
ressor is employed for the waste heat recovery of exhaust air in this
aper. Cascade utilization of the exhaust air is devised via two-stage
vaporators, leading to a reduced irreversibility in the mixing process.
imulation is implemented on the DSVIHP. Comparison with conven-
ional air source heat pumps is made. The influences of ambient tem-
erature, condensation temperature, vapor inject temperature and mass
ow ratio of ambient and exhaust air on the heat pump performance are
nvestigated. 
. System description 
The proposed DS-VIHP is illustrated in Fig. 1 . It comprises a vapor in-
ection compressor, condenser, internal heat exchanger (IHX), medium-
ressure (MP) evaporator, low-pressure (LP) evaporator, MP and LP
hrottle valves. 
.1. Fundamentals 
The refrigerant leaving the condenser is split into two streams. One
s throttled via the MP valve with a decreased temperature and the other
irectly flows into the IHX. The refrigerant from the MP valve is at bi-
ary phase state. It first absorbs heat from the exhausted air with an el-
vated quality, and then is completely vaporized in the IHX. The other
tream is subcooled and then throttled via the LP valve. The refriger-
nt is vaporized by the mixture of exhaust and outdoor air in the LP
vaporator. The two streams flow to the medium and low pressure inlet
orts of the vapor injection compressor, respectively. The vapor is com-
ressed and then condensed in the condenser. The refrigerant circulates.
he waste heat is first recovered through the MP evaporator and the ex-
aust air at a reduced temperature is further mixed with the ambient
ir. In addition, the DSVIHP system comprises a mixing chamber for re-
eiving and mixing the exhaust and ambient air. The mixture is used to
eat the LP evaporator. 
The pressure-enthalpy ( p-h ) diagram of the heat pump is presented
n Fig. 2 . Compared with a conventional vapor injection heat pump2 VIHP), the novel heat pump has an additional evaporator (MP evap-
rator), where the refrigerant is partially vaporized by the exhaust air,
s denoted by the process from State point 2 to 3. The vapor injection
ate is therefore increased, offering a higher COP. 
A possible design of the DSVIHP is displayed in Fig. 3 . The mass flow
ates in the LP and MP evaporators may be controlled in correspondence
ith the ambient air temperature, exhaust air temperature, condensa-
ion temperature, power of the compressor and consumers’ demand on
pace heating and domestic hot water. The MP and LP throttle valves
ay be controlled to regulate the mass flow rates in the first and second
treams, respectively. 
.2. Advantages 
Compared with a conventional air source heat pump, vapor injec-
ion heat pump and exhaust air heat pump, the novel DSVIHP has some
oreseeable advantages, including: 
First, the use of a second evaporator (MP evaporator) enables addi-
ional heat to be recovered from the exhaust air, beyond what would be
ecovered with only a single stage evaporator heat recovery process. In
 conventional EAHP, the exhaust air leaving the evaporator may have
 relatively high temperature for the sake of an acceptable COP, leading
o an insufficient waste heat recovery. While in the proposed heat pump,
he utilization of exhaust air is improved by the two-stage evaporators.
he air is discharged from the heat pump at a lower temperature than
he ambient. 
Second, the system has flexible operation modes. The mass flow rates
f exhaust air and ambient air are adjustable. By using exhaust air, the
roblem of frosting is substantially reduced compared with a conven-
ional air source heat pump, because the exhaust air leaving the MP
vaporator is warmer than ambient and the heat source temperature for
he LP evaporator is elevated. Further, even if the LP evaporator be-
omes frosted with ice, that ice may be removed by stopping the flow
f ambient air into the mixing chamber, so that the ice is melted by
he heat in the exhaust air flow. In regard to a temperature difference
f about 20°C between the exhaust air and ice, an efficient defrosting
rocess is anticipated. The ventilation can be enhanced if faster defrost-
ng is needed. Accordingly, the use of exhaust air flow mixed with the
mbient air flow can reduce the energy consumption of the heat pump
ystem compared with a conventional ASHP, in conditions susceptible
o frosting. 
Third, it is more suited to producing domestic hot water than a stan-
ard heat pump, for which the minimum temperature requirement is
bout 60 °C to kill legionella bacteria. It can successfully tackle the chal-
enges especially during the night-time operation. The ambient temper-
ture in winter nights in the UK can fall below -5 °C, which is too low for
 standard ASHP to supply heat efficiently and a large amount of elec-
ricity is also consumed for defrosting. The novel DSVIHP is much more
ppropriate in this situation due to the two-stage compression. The con-
umer’s bill will be significantly reduced by using off-peak electricity. 
. Mathematical model 
In the simulation, R410A (a zeotropic but near-azeotropic mixture
f R32 and R125, 50%/50%) is adopted. The coefficient of performance






 ℎ𝑝 and 𝑊 𝑒 are the heat supply and power input, kW. 
The ventilation heat loss without recovery is 
 𝑣𝑒𝑛 = 𝑚 𝑒𝑥 𝐶 𝑃 
(
𝑇 𝑒𝑥 − 𝑇 𝑎𝑚 
)
(2) 
here 𝑚 𝑒𝑥 , 𝐶 𝑃 , 𝑇 𝑎𝑚 and 𝑇 𝑒𝑥 are exhaust air flow rate (kg/s), heat capacity
J/kg/°C), ambient temperature and temperature of exhaust air leaving
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Fig. 1. Schematic diagram of the DSVIHP. 












Exergy destruction equations for the main components of the DS-VIHP. 
Component Equation 
Condenser [ 𝐦 𝑹 410 𝑨 , 1 ( 𝐬 1 − 𝐬 8 ) + 𝐦 𝒘 ( 𝐬 𝒘 ,𝒐 𝒖 𝒕 − 𝐬 𝒘 ,𝒊 𝒏 ) ] 𝐓 0 
MP throttle valve 𝐦 𝑹 410 𝑨 , 3 ( 𝐬 2 − 𝐬 1 ) 𝐓 0 
LP throttle valve 𝐦 𝑹 410 𝑨 , 6 ( s 6 − s 5 ) T 0 
MP evaporator [ m 𝑅 410 𝐴, 3 ( s 3 − s 2 ) + m 𝑒𝑥 ( s 11 − s 10 ) ] T 0 
LP evaporator [ m 𝑅 410 𝐴, 6 ( s 7 − s 6 ) + ( m 𝑒𝑥 + m 𝑎𝑚 ) s 12 − m 𝑎𝑚 s 9 − m 𝑒𝑥 s 11 ] T 0 
Internal heat exchanger [ m 𝑅 410 𝐴, 3 ( s 4 − s 3 ) + m 𝑅 410 𝐴, 6 ( s 5 − s 1 ) ] T 0 





















he building (°C), respectively. The ratio of the ventilation heat loss to





Because there is a mixing process, the mass flow ratio of ambient air





An insight to the thermodynamic irreversibility in the innovative
SVIHP is provided. The exergy destruction in the components is ex-
ressed in Table 1 . The subscripts ‘1–12’ represent the thermodynamic
tates in Fig. 1 . T is the reference temperature, 0 °C. m and m 0 𝑒𝑥 𝑎𝑚 
3 re the mass flow rate of exhaust air and ambient air. The flow rates
f the two streams in the refrigerant cycle are m 𝑅 410 𝐴, 3 and m 𝑅 410 𝐴, 6 
 m 𝑅 410 𝐴, 3 + m 𝑅 410 𝐴, 6 = m 𝑅 410 𝐴, 1 ). 
. Results and discussion 
In this simulation, the influences of the ambient temperature, con-
ensation temperature, vapor injection temperature, mass flow ratio of
mbient air to exhaust air and type of refrigerant on the performance
f the DSVIHP are analysed. Comparison with a conventional VIHP and
SHP is implemented. Some assumptions are made: (1) compressor ef-
ciency of 0.8, (2) minimum temperature difference of 5 °C for heat
ransfer in the LP and MP evaporators, condenser and internal heat ex-
hanger, (3) air temperature drop of 5 °C for the LP evaporator of the
SVIHP, and evaporators of VIHP and ASHP, (4) exhaust air flow rate of
.0 kg/s, (5) refrigerant of R410A for Sections 4.1 –4.4 , 4.6 and R134a
or Section 4.5 . The fan power is not included and the pressure drop of
efrigerant in the heat exchangers are neglected. For the assumed ex-
aust air flow rate of 1.0 kg/s, the value might be larger than that of a
ommon residential house. Notably, the proposed system is also applica-
le in public buildings, such as hospital, library, office and school where
he heating demand is large. A flow rate of 1.0 kg/s can be reasonable. 
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e  .1. Influences of ambient temperature 
A comparison among the COPs for the innovative DSVIHP, convec-
ional VIHP and ASHP is presented in Fig. 4 at variable ambient temper-
ture. The condensation temperature for all the heat pumps is 45 °C. For
he DSVIHP, the air flow rate of ambient air, vapor injection tempera-
ure (T 2 ) are 6 kg/s and 5 °C. The COP of the DSVIHP ranges from about
.72 to 4.16 when the ambient temperature increases from -10 to 0 °C,
nd it is 3.34 to 3.88 for the VIHP and 3.02 to 3.61 for the ASHP. It is
bvious that the innovative heat pump has a higher COP and the advan-
age is more remarkable at a lower ambient temperature. For example,
he relative COP increment over that of the VIHP and ASHP is 11.3% and
3.3% respectively at -10 °C. Two reasons can be given for the higher
OP: First, the DSVIHP has a larger vapor injection ratio than the con-
ectional VIHP. The mass flow ratio of the injected to the uninjeccted
efrigerant ( m 𝑅 410 𝐴, 3 ∕ m 𝑅 410 𝐴, 6 ) at -5 °C is 79.23% for the DSVIHP, which4 s about twice that of the VIHP (39.89%). The DSVIHP can be deemed
s a combination of a VIHP using ambient air as the heat source and an
SHP using exhaust air as the heat source. It has a higher equivalent
emperature in the vaporization process than the VIHP due to the heat
nput from the exhaust air. Second, the exhaust air leaving the MP evap-
rator still has a higher temperature than the ambient air. The mixture
levates the evaporation temperature in the LP evaporator. A detailed
arameter distribution of the DSVIHP at an ambient temperature of -5
C is provided in Table 2 . Given a temperature of mixture leaving the
P evaporator of -7.8 °C, the waste heat recovery from the exhaust air
s about 111%. The waste heat recovery ratio is higher than that of a
onventional exhaust air heat pump. 
The power input of the compressor and temperature drop of ambi-
nt air through the LP evaporator varying with the ambient temperature
or the DSVIHP are depicted in Fig. 5 . Given the mass flow rates of the
xhaust and ambient air, the evaporation pressure in the LP evapora-
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Table 2 
Parameter distribution of the DSVIHP at an ambient temperature of -5 °C. 
State point Fluid Flow rate ,kg/s Temperature, °C Pressure, MPa Enthalpy, kJ/kg Quality, % 
1 R410A 0.308 45.0 2.733 275.85 0 
2 R410A 0.136 5.03 0.936 275.85 31.68 
3 R410A 0.136 5.07 0.936 348.83 65.59 
4 R410A 0.136 5.10 0.936 422.84 100 
5 R410A 0.172 11.23 2.733 217.21 subcooled 
6 R410A 0.172 -12.83 0.520 217.21 15.39 
7 R410A 0.172 -12.75 0.520 417.02 100 
8 R410A 0.308 74.69 2.733 468.75 superheated 
9 outdoor air 6.0 -5.0 0.1 394.26 superheated 
10 exhaust air 1.0 20.0 0.1 419.41 superheated 
11 exhaust air 1.0 10.1 0.1 409.45 superheated 
12 mixed air 7.0 -7.8 0.1 391.45 superheated 
Fig. 4. COP variations with the ambient temperature for the DSVIHP, conven- 
tional VIHP and ASHP. 
Fig. 5. Variations of the power input and temperature drop with the ambient 
temperature for the DSVIHP, conventional VIHP and ASHP. 
Fig. 6. Variations of the COPs of the DSVIHP, conventional VIHP and ASHP 
























5 or rises with the increment in the ambient temperature, leading to a
ower power input. Although the temperature drop of 5 °C of the mix-
ure through the LP is independent on the ambient temperature, the
emperature drop of the ambient air from the entrance to the exit is
ctually less than 5 °C (2–3 °C as shown in the figure). This can be ex-
lained by an increased temperature of the ambient air after a mixing
rocess with the exhaust air. 
.2. Influences of condensation temperature 
COP variations for the three types of heat pumps with the conden-
ation temperature are displayed in Fig. 6 . The ambient temperature
s -5 °C. The air flow rate of ambient air and vapor injection temper-
ture for the DSVIHP are the same as those in Section 4.1 . The COP
ecreases with the increment in the condensation temperature. How-
ver, the decrements are different, which are 1.45, 1.19, 1.18 for the
SVIHP, VIHP and ASHP respectively when the condensation temper-
ture increases from 40 to 60 °C. The relative decrements are 33.3%,
0.2% and 32.5%. At a higher condensation temperature, the novel heat
ump still has a higher efficiency but the superiority becomes less ap-
reciable. The results indicate that the DSVIHP is more preferable in
pplications of relatively low condensation temperature and ambient
emperature. For example, in northern China where the ambient tem-
erature in winter can be lower than -10 °C, the DSVIHP will be desirable
or an underfloor heating unit of inlet temperature of about 40 °C. 
J. Li, Y. Fan, X. Zhao et al. Energy and Built Environment xxx (xxxx) xxx 
ARTICLE IN PRESS 
JID: ENBENV [m5GeSdc; December 2, 2020;9:19 ] 
Fig. 7. Variations of the power input and mass flow rate of injected R410A with 
the condensation temperature for the DSVIHP. 



















Fig. 9. Variations of the power input and outlet temperature of mixture leaving 








































The DSVIHP has a higher COP than a conventional VIHP due to the
tilization of exhaust air. In contrast to the ambient temperature, the
ondensation temperature does not have impact on the waste heat uti-
ization. As the condensation temperature rises, temperatures of the ex-
aust air leaving the MP evaporator and the mixture leaving the LP
vaporator are not changed. The increasing condensation temperature
ill only lead to increments in the compressor power consumption and
ass flow rate of injected refrigerant ( 𝐦 𝑹 410 𝑨 , 3 ), as shown in Fig. 7 ,
hich is similar with the situation in a conventional VIHP. As a result,
he COPs of the DSVIHP and VIHP get closer at a higher condensation
emperature. 
.3. Influences of vapor injection temperature 
Aside from the ambient temperature and condensation temperature,
he vapor injection temperature ( 𝐓 2 ) affects the performance of the
SVIHP, as shown in Fig. 8 . The ambient temperature is -10 °C and the
ondensation temperature is 45 °C and 55 °C, respectively. The injection
emperature varies from 0 to 14 °C. A maximum COP appears at 𝐓 of2 
6 bout 5 °C when the condensation temperature is 45 °C. A higher injec-
ion temperature can increase the mixture temperature of the exhaust
nd ambient air and reduce the difference between evaporation and con-
ensation temperature, which has a positive impact on the COP. How-
ver, the waste heat recovery from the exhaust air in the MP evaporator
nd vapor injection ratio are decreased. For instance, 𝐦 𝑹 410 𝑨 , 3 ∕ 𝐦 𝑹 410 𝑨 , 6 
an drop from 114.37% to 34.13% with the increment in 𝐓 2 . Due to the
ompromise between the evaporation temperature and injection ratio,
here is an optimum injection temperature. The optimum temperature
oes up as the condensation temperature increases. It is about 10 °C at
 condensation temperature of 55 °C. 
Unlike the COP, the heating capacity decreases monotonically as the
njection temperature increases. It ranges from 63.6 to 48.6 kW and
3.7 to 52.2 kW for the condensation temperature of 45 and 55 °C re-
pectively. Given mass flow rates of exhaust and ambient air of 1.0 and
.0 kg/s, a higher 𝐓 2 is accompanied with a lower heat input through
he MP evaporator. The temperature of air mixture is elevated, result-
ng in a higher evaporation temperature in the LP evaporator. The mass
ow rate of the injected R410A and input power of the compressor are
ecreased as shown in Fig. 9 for a condensation temperature of 45 °C.
he results indicate that a higher injection temperature is more suitable
t a larger proportion of the ventilation heat loss to the total building
nergy losses. It is also deduced that if the exhaust air from buildings is
ixed directly with the ambient air to heat the LP evaporator for which
he injection temperature is close to 20 °C, the heat supply of the heat
ump will be small with a low COP. 
.4. Influences of mass flow ratio of ambient air to exhaust air 
Variations of the COP and heat supply of the DSVIHP with the mass
ow ratio of the ambient air and exhaust air ( 𝒚 ) are shown in Fig. 10 .
he ambient temperature, condensation temperature and vapor injec-
ion temperature are -10, 45 and 5 °C. Given the mass flow of the exhaust
ir (1.0 kg/s) and the temperature drop (5 °C) of the mixture through
he LP evaporator, a higher 𝒚 leads to more heat input to the LP evapo-
ator. The mass flow rate of R410A in the LP evaporator and the heating
apacity are thereby increased. Because the exhaust air leaving the MP
vaporator is almost constant (10 °C), an increment in 𝒚 also results in
 decrement in the mixture temperature. The outlet temperature of the
ixture declines from about -11 to -13 °C when 𝒚 increases from 5 to
0, as shown in Fig. 11 . 
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Fig. 10. Variations of the COP and heat supply with the air flow ratio for the 
DSVIHP. 
Fig. 11. Variations of the ventilation heat loss ratio ( 𝒙 ) and outlet temperature 




















Fig. 12. Exergy destruction in the DSVIHP at 𝒚 = 6 . 


































With a larger R410A flow rate in the LP evaporator, the COP falls
own since the average evaporation temperature of the DSVIHP de-
reases. The ratio of the ventilation heat loss to the heat supply ( 𝒙 ) also
rops from about 56% to 33%. 
.5. 4.5 Influences of refrigerant 
Similar with other heat pump systems, the DSVIHP system has re-
rigerant as a key component. The refrigerant has an important impact
n the thermodynamic performance. The parameters of the cycle using
134a (1,1,1,2-Tetrafluoroethane) are provided in Table 3 . The conden-
ation temperature, ambient temperature, vapor injection temperature,
ass flow rates of exhaust air and ambient air are same as those in
able 2 , but the pressure, enthalpy, quality of the refrigerant are differ-
nt. R134a is expected to be widely used in the heat pump industry for
ext decade due to its favorable thermodynamic and thermo-physical
roperties [ 26 , 27 ]. It has a higher COP than R410A (4.1 Vs 3.9). How-
ver, R134a has a lower saturation pressure and larger specific volume
t a given temperature. Its saturation vapor volume is 0.107 m 3 /kg at -
2 °C, while it is only 0.049 m 3 /kg for R410A. The volume that needs to
e swept by the compressor is significantly larger and therefore higher7 nvestments are needed for installation. The selection of the refrigerant
s a compromise among the thermodynamic performance, environmen-
al impact and cost. 
.6. Thermodynamic irreversibility in the components 
The thermodynamic irreversibility in the components is revealed in
ig. 12 . The ambient temperature, condensation temperature, vapor in-
ection temperature and air flow ratio are -10 °C, 45 °C, 5 °C and 6,
espectively. The largest exergy destruction takes place in the compres-
or, which amounts for about one third of the total system losses. It
s followed by the destruction in the condenser owing to a large heat
ransfer irreversibility between the superheated refrigerant and cooling
ater. 
The total exergy loss in the throttle valves (LP and MP valves) is less
han that in the compressor and the ratio of the former to the latter is
bout 58%. As a comparison, for a conventional ASHP operating at a
ondensation temperature of 45 °C and ambient temperature of -10 °C,
he ratio of the exergy destruction in the throttle valve to that in the
ompressor is about 142%, indicating the thermodynamic irreversibil-
ty during throttling is much more remarkable. The novel DSVIHP is
ble to reduce the exergy destruction in the valves by two means: (1)
he refrigerant leaving the condenser is split into two streams. The irre-
ersibility of the first stream in the MP throttle valve is weakened due
o a higher pressure at the outlet of the valve. (2) The second stream is
upercooled prior to the expansion. The irreversibility in the LP throttle
alve is reduced by a lower quality and specific volume of the refriger-
nt. The quality of R410A at the LP valve outlet is only 17%, while is
bout 43% for that in a conventional ASHP under a similar condition.





𝒗 𝒅 𝒑 . A lower pressure drop and specific volume will di-
inish the losses. The exergy losses in the components vary with the air
ow ratio. As shown in Fig. 13 , when 𝒚 increases to 10, there are slight
ncrements in the compressor and condenser losses and decrements in
he valve losses. 
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Table 3 
Parameter distribution of the DSVIHP using R134a. 
State point Fluid Flow rate, kg/s Temperature, °C Pressure, MPa Enthalpy, kJ/kg Quality, % 
1 R134a 0.342 45.0 1.160 263.94 0 
2 R134a 0.143 5.0 0.350 263.94 29.37 
3 R134a 0.143 5.0 0.350 333.87 65.28 
4 R134a 0.143 5.0 0.350 401.49 100 
5 R134a 0.199 11.29 1.160 215.46 subcooled 
6 R134a 0.199 -12.86 0.179 215.46 15.64 
7 R134a 0.199 -12.86 0.179 390.93 100 
8 R134a 0.342 58.69 1.160 437.12 superheated 
9 outdoor air 6.0 -5.0 0.1 394.26 superheated 
10 exhaust air 1.0 20.0 0.1 419.41 superheated 
11 exhaust air 1.0 10.0 0.1 409.45 superheated 
12 mixed air 7.0 -7.8 0.1 391.45 superheated 















































t  . Future work 
A prototype of the DSVIHP has been developed, as shown in Fig. 14 .
t has a heating capacity of about 5 to 10 kW. The refrigerant is R410A. It
ows around a streamed circuit, recovering heat from exhaust air flow-
ng through the heat pump system. Installation on the Applied Science
uilding in University of Hull has been completed. Experimental tests
ill be conducted in the coming winter and more work will be reported
n the near future. 
Aside from the experimental validation, future works will be con-
ucted on the thermo-economic performance. The proposed DSVIHP
ses exhaust air for defrosting without additional electricity consump-
ion. Its seasonal performance factor is anticipated to be higher than
hat of a conventional ASHP, leading to a lower operational cost. It
an recover the ventilation heat and meet the building thermal energy
emand. It is a combination of ventilation heat recovery system and
eat pump. For conventional ventilation recovery technologies, thermal
heel, plate heat exchanger, run-around-coil and heat pipe generally
ave an efficiency of about 70%, 60%, 47% and 57%, respectively [28] .
n the assumptions of an average exhaust air flow rate of 0.2kg/s, a
roportion of ventilation loss to total building heat loss ( 𝒙 ) of 33% and
n ambient temperature of -10 °C, the total heat demand of the house
ill be about 18 kW. If a plate heat exchanger of an efficiency of 60%
nd an ASHP of a COP of 3.0 (shown in Fig. 4 ) are employed, the heat8 upply and electricity consumption by the ASHP will be about 14.4 and
.8 kW, respectively. Given a COP of 3.59 as depicted in Fig. 10 , the
lectricity will be 5.0 kW if the proposed DSVIHP is used. The electric-
ty saving is comparable to the side-by-side heat recovery system and
SHP in the normal condition. Since a conventional ASHP is likely to
uffer from frosting in winter and consume significant electricity for de-
rosting, the annual electricity saving of the DSVIHP shall be higher than
hat of the side-by-side systems. 
The development of the DSVIHP is supported by a UK project to re-
uce the carbon emission. It has the potential to replace gas boilers for
pace heating. The DSVIHP may be also applicable in areas where space
ooling is needed in summer. In the cooling mode as depicted in Fig. 15 ,
ll the components (compressor, condenser, evaporators, internal heat
xchangers and throttle valves) working in the heating mode are still in
peration. There are some changes in the flow direction. The condenser
n Fig. 1 is turned into the evaporator and the chilled water flows to the
nderfloor cooling unit in the building. The MP evaporator in Fig. 1 be-
omes a subcooler. The refrigerant leaving the compressor is first con-
ensed by the air mixture and then cooled down by the exhaust cold air
rom the building. The subcooled refrigerant is split into two streams:
ne is throttled via the MP valve and then completely vaporized by the
HX (green line); the other is further cooled down by the IHX, throttled
ia the LP valve and vaporized (blue line). The subcooler can increase
he cooling capacity of refrigerant per kg in the evaporator and the mix-
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ure can decrease the condensation temperature. Through the two-stage
tilization of the exhaust air, the energy efficiency ratio (EER) of the
SVIHP will be higher than a conventional ASHP in summer. 
. Conclusion 
More heat pump systems are expected to replace coal and gas boilers
n China, UK and other countries in an attempt to tackle the escalating
limate crisis. Compared to existing heat pump technologies, this pro-
osed system comprises unique features. It is first time that vapor injec-
ion heat pump has been used to recover waste heat of exhaust air from
he buildings. The new system overcomes two technical challenges: 
1 Minimizing the ventilation heat loss. Unlike a conventional EAHP
that extracts energy from exhaust air to heat the fresh supply air,
the DSVIHP uses both exhaust and outdoor air as the heat sources.
It has a higher heating capacity at a given mass flow rate of exhaust
air and the waste heat recovery ratio is more than 100%. By recov-
ering the ventilation heat loss, the DSVIHP can saved about 23% of
electricity consumption as compared with a conventional ASHP at
normal operation conditions of condensation temperature of 45 °C
and ambient temperature of -10°C. 
2 Defrosting of heat pump in cold climate areas. The DSVIHP has flex-
ible operation modes. In the defrosting mode for which the vents
for the ambient air are shut down, the DSVIHP provides a promising
solution to frosting by using the exhaust waste heat without addi-
tional electricity consumption. The seasonal performance factor is
expected to be significantly higher than that of a conventional ASHP
regarding to the near-zero electricity consumption for defrosting. 
3 The performance of the DSVIHP is affected by the ambient temper-
ature, condensation temperature, vapor injection temperature and
air flow ratio. A lower ambient temperature will increase its ad-
vantages over conventional air source heat pump and vapor injec-
tion heat pump. Increment in the condensation temperature leads to
decrement in the COP but has no impact on the waste heat recov-
ery. The optimum vapor injection temperature is about 5 °C at an
ambient temperature of - 10°C, which increases as the condensation
temperature rises. The flow ratio of the ambient air to the exhaust
air influences the COP and heating capacity. A higher flow ratio is
accompanied with a lower proportion of ventilation heat loss. 9 4 The largest exergy destruction takes place in the compressor, which
accounts for about a third of the total exergy losses in the DSVIHP.
This is followed by the exergy destruction in the condenser (about
20%) and LP evaporator (about 10%). Among the components, the
MP evaporator has the least exergy destruction. In all the simulation
scenarios, the proposed heat pump is most beneficial under the con-
ditions of an ambient temperature of about -10°C and condensation
temperature of about 40-45°C 
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